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ABSTRACT
OPTICAL BEAM SCANNING USING POTASSIUM TANTALATE NIOBATE
Name: Chen, Hongwei
University of Dayton
Advisor: Dr. Qiwen Zhan
This thesis aims to study the characteristics of the one-dimensional optical scanner
made of Potassium Tantalate Niobate [KTa1−xNbxO3] (KTN) based on electro-optic (EO)
effect and space-charge-controlled electrical condition. A large deflection angle of 11.28 ◦ in
full range is achieved by applying a relatively low voltage ±250V to a 1.0-mm-thick KTN
crystal with a short interaction length of 3.2 mm. In theory, the electrical conduction is
carried by the electrons injected from the Ohmic contact of the electrodes. The injected
electrons induce the space-charge effect and the electrical field becomes non-uniform while
the electrical field has a square root dependence on the distance from the cathode. Conse-
quently, a linearly graded refractive index is induced and the optical beam is cumulatively
deflected as it propagates through the crystal. Deflection angle, deflection efficiency, reso-
lution and frequency response are characterized. A thermistor is also utilized because that
the temperature of KTN crystal has to be controlled around 44.2 ◦C.
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CHAPTER I
INTRODUCTION TO BEAM STEERING TECHNIQUES
Beam steering is a method to change the direction of the main lobe of a beam. In gen-
eral, it is accomplished by imposing a linear phase retardation profile across the aperture of
the laser beam. [1] The ability to deflect a beam can be utilized in power beaming, sensing
and communication applications. There are two main beam steering technologies - mechan-
ical and non-mechanical beam steering. Mechanical beam steering always involves movable
parts. Mechanically controlled mirrors, Risley prisms, decentered lens, micro-opto-electro-
mechanical systems (MOEMS) and blazed gratings are the common mechanical beam steer-
ing techniques. For applications in which a large deflection angle is necessary, mechanical
beam steering is very attractive. However, its deflection frequency and system stability
is typically limited, since the components are driven by a mechanical force. As a result,
the non-mechanical beam steering has become attractive for high frequencies scanning or
in which the platform is fairly small. Non-mechanical beam steering can be implemented
through the use of acousto-optic deflectors (AOD), optical phased arrays and EO deflectors,
which are not movable.
In general, several properties of these beam steering technologies are desired in several
applications, such as compact, lightweight, large deflection angle, faster and low power.
Several typical beam steering techniques are reviewed in the following sections.
1
1.1 Mechanical Beam Steering
Mechanical beam steering techniques include mirrors, achromatic prisms [2, 3], decen-
tered lenses [4, 5], MOEMS and blazed gratings. Mechanically controlled mirrors may be
the most commonly used technology in beam steering with reflective approach independent
of wavelength, such as polygon and Galvos mirrors, they are driven by motors and their
scanning frequency can be as high as 1kHz. For these devices, large steering angles and
simple application are two main advantages. Also, macro-optical mechanical devices enable
achromatic designs, avoid blind spots within the field-of-view and concentrate the steered
energy into a single beam.
1.1.1 Decentered Lens
Decentered lenses are an option to the beam steering up to 25 ◦ in two dimensions by
introducing an off-axis displacement of two thin lenses whose focal planes are coincide with
each other. The simplest system consists of two identical lenses shown in Figure 1.1. The
steering angle θ of the output light is expressed by:
θ = tan−1(
∆
f
), (1.1)
where the focal length of the two thin lenses is f , the displacement of the decentered second
lens is ∆. In this method, vignetting is introduced.
The steering angle θ is limited by ∆, and the maximum angle is:
θ = tan−1(
d/2
f
) = tan−1(
1
2f/#
). (1.2)
where d is the diameter of the lenses. To fulfill this large maximum steering angle, small
f/# is required while more problems are introduced because a lens with small f/# exhibits
large amounts of aberrations. [5]
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Figure 1.1: Beam Steering System of Two Decentered Identical Thin Lenses. f is the
focal length of the two thin lenses (L1 and L2), d is the diameter of the lenses, ∆ is the
displacement of the decentered second lens and θ is the steering angle.
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1.1.2 Risley Prisms
Risley Prisms, one of the steering stabilization systems, can steer a beam to a maximum
of ±45◦, shown in Figure 1.2 [3].
Figure 1.2: Notation and coordinate systems for Risley prism system. [3] n1 and n2 represent
the refractive indexes of the two prisms. α1 and α2 denote the opening angles, respectively.
Orientations of the prisms are specified by their respective rotation angle θ1 and θ2. Θ is
the altitude angle of the pointing position, and Φ is the azimuth angle.
With first-order paraxial approximation method, the deviation angle by the singular
prism can be expressed by:
δ1 = α1(n1 − 1), (1.3)
δ2 = α2(n2 − 1). (1.4)
where n1 and n2 represent the refractive indexes of the two prisms, α1 and α2 denote the
opening angles, respectively. Then, the altitude angle Θ and the azimuth angle Φ of the
4
pointing position can be calculated as:
Θ = arctan
δ1sin(θ1) + δ2sin(θ2)
δ1cos(θ1) + δ2cos(θ2)
, (1.5)
Φ =
√
δ21 + δ
2
2 + 2δ1δ2cos(θ1 − θ2). (1.6)
If these two prisms rotate in the same direction with different rotating speeds, a spiral scan-
ning pattern will be obtained; while rotating in the opposite directions, a rosette scanning
pattern will be observed. By fixing the apex ratio R = α1α2 = 3.5646, Duncan had numer-
ically calculated the dispersion properties of LiF/ZnS doublet prisms shown in Figure 1.3
[2]. In this reversed geometry, a wide angle steering with low chromatic dispersion around
3.5 µm is presented. The other advantage is that this is a reciprocal system steering light
to 0 ◦ at all wavelengths with no axial blind spot. However, because of the tilted entrance
face, this geometry suffers dispersive refraction at each surface.
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Figure 1.3: Steering Angle Dispersion for in the Reversed Prism Geometry.[2] R is the apex
ratio expressed by R = α1α2.
6
1.1.3 MOEMS
The significant developments in silicon microtechnologies have had a huge impact on the
emergence of MOEMS. MOEMS are intended for laser scanning by utilizing the integration
of optical elements such as micromirrors or microlenses [6]. Figure 1.4 shows an example of
MOEMS for display applications (http://www.vrarchitect.net/anu/cg/Display/DMD.en.html).
By applying a potential difference between the two electrodes, the micromirrors will be tilted
with a steering angle up to ±15 ◦, resulting in deflection of the laser beam by electrostatic
forces. With the micro sizes and the long spectral range, MOEMS are compact, lightweight
and consume less power, finding its applications in sensing or manipulating optical signals.
Figure 1.4: MOEMS for Display Applications. (http://www.vrarchitect.net/anu/cg/Disp-
lay/DMD.en.html)
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1.1.4 Blazed Grating Beam Steering
Beam steering with blazed grating is a technology utilizing an array of micro-optical
elements with a fixed pitch, it exhibits high diffraction efficiency for certain orders and
wavelengths. The periods of this kind of gratings are actively blazed to steer a laser beam.
Each element samples the incoming beam and radiates a beamlet. Those beamlets interfere
coherently and a diffraction pattern with some grating lobes surrounded by side-lobes is
formed. The steering angles of main lobes are controlled by the grating equation. Basic
blazed grating structure is schematically shown in Figure 1.5.
Figure 1.5: Diffraction at a Blazed Grating. d is line spacing, α is the incident angle, β is
the diffraction angle, and θB is the blazed angle.
8
For this blazed grating, the grating equation is given by:
d(sinα+ sinβ) = mλ, (1.7)
where d is line spacing, α is the incident angle, β is the diffraction angle, m is the diffraction
order and λ is the wavelength of incident light. θB is the blazed angle, satisfying that:
θB =
α+ β
2
. (1.8)
Plug eq. 1.8 into eq. 1.7, we can get:
λB =
2d
m
sinθBcos(α− θB), (1.9)
where λB is the blazed wavelength for mth order diffracted light with high diffraction ef-
ficiency. The energy of the exiting beam is almost all distributed in the first diffraction
order. In this technique, for instance, blazed gratings realized by decentered lens arrays
and programmable diffraction gratings [7], translating one substrate laterally with respect
to the other is the way to steer the beam. The best two dimensional blazed grating beam
steering technology is based on decentered microlens arrays whose steering angles are nearly
28 ◦. Besides, the blazed profile doesn’t need to be a real grating, it can represent a stepped
phase profile, implemented by liquid crystal, which now is a non-mechanical beam steering
technique. However, due to the grating nature, only the first order angular position can
be addressed, and the non-uniformity of the gratings will lead to an increase in the beam
divergence and reduction of the spatial coherence.
1.2 Non-mechanical Beam Steering
In this section, a brief summary of some non-mechanical beam steering techniques are
presented, including optical phased arrays, AOD and EO deflectors. These techniques do not
contain moving parts and therefore can exhibit high deflection angle velocities. Moreover,
9
non-mechanical beam steering is free of drawbacks relating with mechanical scanners, such
as mechanical wear, tear, noise and drift.
1.2.1 Phased Array Optics
During the past two decades, phased array optics [8] has been evaluated for beam steer-
ing and shaping offering precise stabilization and excellent optical power handling capability
within a compact optical system. It is a technology of controlling the phases of light from
a two dimensional surface which is an array of phased shifting pixels. Each individual pixel
adds a phase shift ϕ to the laser beam. The steering angle Θs can be presented by:
Θs = sin
−1(
ϕ
2pi
λ
d
). (1.10)
where λ is the wavelength of the beam, d is the distance between the radiating elements. The
schematic diagram of a phased array is shown in Figure 1.6 (http://www.radartutorial.eu/0-
6.antennas/Phased%20Array%20Antenna.en.html).
Figure 1.6: Schematic Diagram of a Phased Array. (http://www.radartutorial.eu/06.ante-
nnas/Phased%20Array%20Antenna.en.html)
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Phased array based on liquid crystal spatial light modulators (LC SLM) is the most
promising approach for phased array beam steering applications, such as micro-displays
and projection devices. C. T. DeRose [9] found steering with phased array of metallic
nanoantennas through ±45◦ or more is possible based on simulations. Until recently, Ami
Yaacobi [10] demonstrated an on-chip optical phased array with a wide beam steering angle
of 51◦. Besides, phased array with high resolution would permit extremely realistic three
dimensional image display in theory.
1.2.2 Acousto-optics Beam Steering
Acousto-optic Beam Steering is based on a periodically changing refractive index n in
an optically transparent material, such as TeO2 and PbMoO4, induced by propagating
sound waves in the material. The changing refractive index is the result of rarefaction and
compression of the material, inducing a changing density of the material. This periodically
changing refractive index n acts like an optical grating, moving at the speed of sound in
the crystal, that will diffract a laser beam traveling through the material. Driven by an
amplifier, the transducer launches acoustic waves, of frequency fa (typically 80 MHz to 1
GHz depending on the material), into the crystal producing the grating. [11] The typical
configuration of an AOD is shown in Figure 1.7 [12]. The incident angle of the light beam
to the grating satisfies the Bragg condition, the energy of the exiting beam is almost all
distributed in the first diffraction order. The deflection angle θ of 1st order diffraction can
be expressed as:
θ =
λ
nΛ
. (1.11)
where λ is the wavelength of the beam, n is the refractive index of the unperturbed crystal
and Λ denotes the wavelength of the sound in the crystal. When the frequency of the
sound wave is varied, the direction of the diffracted laser beam deflects. The change of the
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direction of the beam ∆θ is given by:
∆θ =
λ
nva
∆f. (1.12)
where va is the velocity of the acoustic wave in the crystal, ∆f is the change of the frequency
of the sound wave. Although the maximum steering angle of AOD is only ±2.9 ◦, the angular
accuracy of AODs is high. Since a controlled frequency resolution of 1 Hz is quite common,
an angular frequency of order 1nrad is available.
Figure 1.7: Typical Configuration of an AOD.[12] θ is the deflection angle of 1st order
diffraction, ∆θ is the change of the deflection angle.
1.2.3 Beam Steering with the EO Effect
EO effect, including two principal effects (Pockels effect and Kerr effect, discussed in
Chapter II), is a concept of modulating the refraction index of a material, such as LiNbO3,
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LiTaO3 and KTiOPO4, by externally applying an electric field. Beam steering using the
EO effect has the attractive advantages of a fast response and a continuously variable
deflection angle. However, typically a high voltage is needed to obtain a useful deflection
angle, which has limited its practical use as a conventional EO deflector (usually by Pockels
effect). Figure 1.8 [11] shows the typical configuration of an EO deflector based on Pockels
effect. The deflection angle θp is given by: [13]
θp =
∆n
n
l
W
. (1.13)
where ∆n is the difference between the refractive index of the crystal and the surrounding
matrix, n represents the refractive index of the crystal, l is the length of the base and
W denotes the height of the prism. By placing several prisms in sequence, the maximum
deflection angle can be increased by as large as a few degrees.
Figure 1.8: Typical Configuration of an EO Deflector Based on Pockels Effect.[11] θp is the
deflection angle, n represents the refractive index of the crystal, n0 is the refractive index
of surrounding matrix.
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In this thesis, a novel type of EO beam scanner made of KTN based on Kerr effect is
studied. Due to the large dielectric constant of KTN and the formation of an Ohmic con-
tact, KTN can be a promising technique with a low voltage operation. A large deflection
angle of 11.28 ◦ in full range is expected by applying a relatively low voltage ±250V to a
1.0-mm-thick KTN crystal with a short interaction length of 3.2mm.
14
CHAPTER II
THEORETICAL BACKGROUND OF KTN AS EO MATERIAL
2.1 EO Effect: Kerr Effect and Pockels Effect
The basic characteristic of all EO effects is an induced change in the refractive index of
a material - usually a solid crystalline substance , but sometimes a liquid - with an applied
electric field. In many cases, the change of refractive index is dependent on the polarization
of the incident light - such materials are said to be birefringent under the electric field. There
are two principal EO effects that depend on the symmetry of the crystal: the Kerr effect
and Pockels effect. The Kerr effect is a high-order effect and the change of refractive index
caused by the Kerr effect is proportional to the square of the electric field, consequently the
Kerr effect is called quadratic EO effect as well, expressed by:
∆n(E) ≈ −1
2
sijn
3E2. (2.1)
where E is the applied electric field, sij is the Kerr constant and n is the refractive in-
dex. The Kerr effect occurs in all materials, and the Kerr constant for most materials is
very small, 10−18 to 10−14m2/V 2 for crystal and 10−22 to 10−19m2/V 2 for liquid. On the
other hand, the Pockels effect is a linear EO effect and the change of refractive index is
proportional to the applied electric field, given by:
∆n(E) ≈ −1
2
rijn
3E. (2.2)
where rij is the Pockels constant, whose range is 10
−12 to 10−10m/V . The Pockels effect is
only induced in noncentrosymmetric materials.
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The half-wave voltage Vpi is a good parameter of the performance of phase and intensity
modulation of EO effect. The following equations are expressed for the Pockels effect and
the Kerr effect:
V Pockelspi =
λd
n3rijL
. (2.3)
V Kerrpi =
√
λd2
n3sijL
. (2.4)
where λ is the wavelength of light, d is the electrode gap, L is the interaction length. The
Kerr effect occurs in any material, but only a few materials exhibit a useful amount of
refractive index change. KTN is such a material which exhibits a large Kerr effect. If the
temperature of KTN crystal is higher than the paraelectric Curie temperature (TC), the
Kerr effect is the lowest order EO effect, as such, the Pockels effect does not have to be
considered.
2.2 KTN Crystal
KTN is a mixture of potassium tantalate [KTaO3] (KT) and potassium niobate [KNbO3]
(KN) with a perovskite crystallographic structure. KTN exhibits quite a large EO effect
and has been attracting researchers’ interest. Recently NTT Advanced Technology Corp.
succeeded in growing a large homogeneous KTN crystal of optical quality with the top
seeded solution growth method which made it possible to study its application in the opti-
cal field. [14, 15]
The crystal phases of KTN are cubic, tetragonal, orthorhombic and rhombohedral
phases. It depends on both temperature and the composition ratio of KT and TN shown
in Figure 2.1[16]. For example, the temperature of the phase transition from the cubic to
the tetragonal phase is around room temperature for a niobium fraction x around 0.4. In
this thesis, the niobium fraction of the KTN crystal that we used is x ∼ 0.4 so that TC is
16
Figure 2.1: KTN Phase Diagram.[16]
about 35◦C.
KTN with cubic phase has inversion symmetry. In this situation, KTN is paraelectric and
the lowest order EO effect is the Kerr effect. Whereas, in other phases, KTN is ferroelectric
and the Pockels effect exists.
In the cubic phase, dielectric constant εr obeys Curie−Weiss law:
εr ∝ 1
T − TC . (2.5)
where T is temperature and TC is the paraelectric Curie temperature. Thus, dielectric
constant εr increases greatly as the temperature approaches TC . Koichiro Nakamura [16]
took a measure of one KTN chip whose TC is about 35
◦C, and therefore this is a good
temperature range to conduct a measurement of steering performance of KTN crystal. The
relation between dielectric constant εr and the Kerr constant sij is expressed by the following
17
formula: [17]
sij = gijε
2
0(εr − 1)2 ≈ gijε20ε2r = gijε2 (εr  1). (2.6)
where ε0 is the vacuum permittivity and gij is the g coefficient. The g coefficient is a
function of wavelength, depending on the crystal structure. It was reported that values
of the g coefficients for KTN are g11 = 0.136 m
4/C2 and g12 = 0.038 m
4/C2, and the
maximum value of s11 was 2.2× 10−14m2/V 2.
In general, EO crystal is an insulator without free electrons. However, if the electrons
are injected into the conduction band of the KTN, electrical conduction becomes possible
due to electric field drift and/or diffusion. In this KTN crystal, the injected electrons from
the cathode exist as the true charges terminating the electric field originating from the
anode.
2.3 EO Effects of KTN
In this section, some calculations of the KTN crystal are expressed on electric distri-
bution, the refractive index change by the Kerr effect and the beam propagation. Due to
the space-charge effect, the refractive index of KTN is linearly graded, such that the laser
beam propagating through KTN is cumulatively deflected.
2.3.1 Electric Field Distribution and Refractive Index Change by the
Kerr Effect
Gauss’s law and the current continuity law are the main equations. The electric field
E(y) and the injected electron density Ninj(y) are related by Gauss’s law:
ε
e
dE(y)
dx
= Ninj(y), (2.7)
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where ε is the dielectric constant, e is the unit charge of an electron, and y is distance
from the cathode. Assume that the diffusion current is negligible compared with the drift
current, according to the current continuity law, the injected electrons drift to the anode
and the current density J can be represented as:
J = eNinj(y)µE(y), (2.8)
where µ is the mobility of an electron in the crystal. From eqs. 2.7 and 2.8, we can easily
derive:
ε
dE(y)
dy
=
J
µE(y)
, (2.9)
⇒ E(y)dE(y)
dy
=
J
µε
. (2.10)
This equation is solved with a boundary condition:
E(0) = 0. (2.11)
This condition is generated from eq. 2.8. To have Ninj(0) ∼ ∞ for a finite J, which is
satisfied when the electron injection is sufficient by the Ohmic contact, the electric field has
to be zero at this point. Rewriting eq. 2.10:
E(y)dE(y) =
J
µε
dy, (2.12)
Integrate eq. 2.12:
1
2
E2(y) =
J
µε
y, (2.13)
The solution of E(y) is given by:
E(y) =
√
2J
µε
y. (2.14)
Integrate E(y), the applied voltage V can be expressed as:
V =
∫ d
0
E(y)dy =
√
8J
9µε
d3/2. (2.15)
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where d is the distance between the two electrodes. Assuming:
E0 =
V
d
, (2.16)
where E0 is the electric field without space-charge effect. Then, E(y) can be given as:
E(y) =
√
2J
µε
y =
3
2
E0
√
y
d
. (2.17)
Also from eq. 2.13, the nonlinear characteristic of the electrical condition is:
J =
9
8
µε
V 2
d3
. (2.18)
Injected electron density Ninj(y) can be obtained from eq. 2.5:
Ninj(y) =
3
4
εV
e
d−
3
2 y−
1
2 . (2.19)
Thus, the total charge Q of the injected electrons is:
Q = e
∫ d
0
Ninj(y)dy =
3εV
2d
. (2.20)
This factor
3
2
indicates that the injected electrons introduce a factor of
3
2
to the total
charge induced at the cathode of a ideal capacitor with the same voltage and geometrical
size, which reflects that the average distance between the electrons and the anode is
2
3
d. At
this condition, the change of refractive index is expressed by:
4n(y) = −1
2
n3sijE
2(y) = −9
8
n3sijE
2
0(
y
d
). (2.21)
Assuming that the the initial refractive index is n0 at y = 0, n(y) is linearly graded given
by:
n(y) = n0 + Cy. (2.22)
C = −9
8
n3sijE
2
0(
1
d
). (2.23)
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2.3.2 Beam Propagation Through the Crystal
In general, the propagation of a laser beam into a lenslike crystal is:
d
ds
(n
d~r
ds
) = ∇~n, (2.24)
where ~r is the position vector, s is the distance, shown in Figure 2.2. With paraxial
Figure 2.2: Schematical Beam Propagation in the KTN Crystal. r is the radial distance in
the cylindrical coordinate system, ~r is the position vector, s is the distance.
condition:
d
ds
≈ d
dz
, (2.25)
Thus:
d2~r(z)
dz2
=
∇~n
n
. (2.26)
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where r is the radial distance in the cylindrical coordinate system. In this situation:
d2y(z)
dz2
=
∇n
n
=
C
n
≈ C
n0
, (2.27)
According to the boundary conditions:
y(0) = 0, (2.28)
θ(0) =
dy(0)
dz
= 0. (2.29)
Such that:
y(z) =
C
2n0
z2, (2.30)
⇒ θ(z) = dy(z)
dz
=
C
n0
z. (2.31)
Eq. 2.21 is true for low frequencies of applied voltage V. When frequencies reach ap-
proximately 50kHz and higher, the migration length of mobile space charges becomes sig-
nificantly smaller than the typical crystal thickness. [18] Assuming the low frequencies
condition, the deflection angle can be concluded as:
θ(L) =
C
n0
L. (2.32)
where L is the crystal length. Obviously, the deflection angle is proportional to the inter-
action length by a factor of
C
n0
, which means optical beam propagating through KTN is
cumulatively deflected, as shown in Figure 2.3. With a high sij of KTN leading to a large C,
a large deflection angle θ(L) ,which is proportional to C, can be obtained under a relatively
low electrical field.
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Figure 2.3: Beam deflection by linearly graded refractive index. It schematically shows the
linearly graded refractive index induced by the Kerr effect and the space-charge effect.
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CHAPTER III
EXPERIMENTAL SETUP OF 1D BEAM SCANNER WITH KTN
The experiment setup as shown in Figure 3.1 is used. Figure 3.1(a) is shown as the
setup for beam profiles measurement, Figure 3.1(b) is for testing of frequency response of
the KTN scanner, the difference from Figure 3.1(a) is that the CCD camera is replaced by a
PN detector whose signal is sent to an oscilloscope. This one dimensional optical scanner is
of type ’KSCHR0VR00-00’ produced by NTT Advanced Technology Corp. for visible range
wavelength. The KTN crystal is 3.2 mm× 4.0 mm× 1.0 mm in size. A cylindrical concave
lens is included to compensate for the cylindrical lensing effect of the the KTN chip, which
will be explained in Chapter IV. [19] The light source is a linearly polarized He-Ne laser,
632.8nm wavelength, and the polarization was aligned with the applied electric field. The
diameter of the laser beam is 0.60 mm at waist, larger than the aperture of the KTN crystal
(0.5 mm). So we attached two plano-convex lenses, whose focal lengths are 500mm, 250mm
respectively, forming a telescope to decrease the beam diameter to 0.3 mm, thus no clipping
or diffraction. Here assume that this laser beam is collimated which is not exactly true but
error permissible, and in this condition the Rayleigh length equals 111.7 mm, which is much
larger than the crystal length.
From prior introductions, temperature regulation is required for the KTN elements. A
peltier element and a temperature sensing thermistor are already fixed to the KTN crystal
chip, and we got a peltier controller for the thermal sensing and controlling. The thermal
controller will be discussed in Chapter V. After several tries, 44.2◦C was found to be a good
24
(a) Beam Profiles
(b) Frequency Responses
Figure 3.1: The Schematical Experiment Setup.
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point for experiments. Beam profiles were obtained by placing the CCD camera at the beam
waist, the position of KTN and three different positions (141 mm, 188 mm, 243 mm behind
the KTN), the BeamGage Software was used to capture and analyze the beam profiles. In
Figure 3.1(b), the applied electric field is DC bias and the deflection signal is formed by a
waveform generator and an amplifier. The waveform is triggered by the oscilloscope.
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CHAPTER IV
EXPERIMENTAL RESULTS OF 1D BEAM SCANNER WITH KTN
With the experimental setup described in Chapter III, this chapter demonstrates the
experimental results of the 1D KTN beam scanner. The input laser beam is considered as
a Gaussian beam, whose Rayleigh range and the beam waist is calculated. Steering phe-
nomenon can be observed only if the diameter of the laser beam is smaller than 0.5 mm,
otherwise diffraction pattern exhibits with no steering. The laser beam diverging angle is
measured both with KTN and without KTN, which is very close to the theoretical calcula-
tion with q-parameter. Besides that, the frequency response of the KTN scanner is studied.
The sign of the steering angle is inverted with the polarity of the applied voltage. Figure
4.1 shows how Vpp and VDC will influence the beam deflection. VDC shifts the middle point
of deflection. Vpp controls the peak-to-peak deflection angle.
4.1 Gaussian Beam Propagation
In this thesis, the output of the He-Ne laser is considered as a Gaussian beam, assumed
as an ideal Gaussian beam. After the telescope, the Rayleigh range of the Gaussian beam
is:
z0 =
piw20
λ
=
pi × (0.15mm)2
632.8nm
= 111.7mm. (4.1)
where w0 is the radius of the beam waist. Within the Rayleigh range, this laser beam
can be modeled as a Gaussian beam. At locations for which |z|  z0 and ρ  w0 (ρ is
27
Figure 4.1: Schematic Scanning Characteristic in Dependence on VDC and Vpp. VDC shifts
the middle point of deflection. Vpp controls the peak-to-peak deflection angle.
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the radial distance), the quantity exp[−ρ2/w2(z)] ≈ exp[−ρ2/w20] ≈ 1, so that the beam
intensity, which is proportional to the square of this quantity, is approximately constant.
Also, the phase k[z + ρ2/2R(z)] ≈ kz(1 + ρ2/2z20) ≈ kz. The Gaussian beam can therefore
be approximated near its center by a plane wave. According to the property of Gaussian
Beam, the beam width is given by:
w(z) = w0
√
1 + (
z
z0
)2. (4.2)
4.2 Beam Profiles
By utilizing a CCD of type TM-7CN, how the KTN crystal influences the beam profiles
has been studied. Figure 4.2 shows the beam profiles: 4.2(a) shows the beam profile at beam
waist which is located at 72.0 mm after laser; 4.2(b) shows the beam profile where KTN
is settled; 4.2(c) shows the beam profile 141.0 mm after KTN without crystal. According
to Table 4.1, the diameter of the beam 0.3 mm at KTN can be found smaller than the
requirement 0.5 mm and the beam profiles are mainly circular.
Table 4.1: Beam Radius Matching
Position(mm) wx (mm) wy (mm)
Before telescope 0.301 0.290
At KTN 0.151 0.149
141.0mm after KTN without KTN 0.29 0.28
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(a) Before Telescope (b) At KTN
(c) 141.0 mm after KTN without KTN
Figure 4.2: Beam Profiles
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4.2.1 Diverging Angle
The diverging angle is directly proportional to the wavelength λ and inversely propor-
tional to the beam waist w0. Squeezing the beam waist therefore leads to increased beam
divergence. Without KTN, the beam radius at KTN is w0 = 0.15 mm, and the beam radius
at l = 243.0 mm behind KTN position is w1 = 0.35 mm. Thus, the laser beam diverging
angle is calculated as:
Θ =
w1 − w0
l
= 0.09◦ = 1.65 mrad (full range). (4.3)
With KTN inserted, the beam profile at 141.0 mm behind KTN is an ellipse, shown in
Figure 4.3. The beam radius was measured at different positions, the results are shown in
Table 4.2.
Table 4.2: Beam Radius at Different Positions
Position(mm) wx (mm) wy (mm)
0 0.15 0.15
141 0.28 0.875
188 0.35 1.125
243 0.4195 1.41
Note: Position 0 mm is where KTN locates.
This beam profile deformation can be explained by the trapped space charge. The
fixed true charge can be stored in the KTN chip by applying a low-frequency voltage or a
short pulse of constant DC-voltage, because there are some types of electron traps in KTN
crystal.[19, 18] This trapped charge of density NTra generates a non-uniform electrical field,
given by:
ETra(y) = −eNTra
ε
(
y − d
2
+
εV
eNTrad
)
. (4.4)
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Figure 4.3: Beam Profile at 141.0 mm after KTN.
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Thus, trapped space charges lead to a change of refractive index between the electrodes by
the Kerr effect, expressed by:
∆nTra(y) = −1
2
n3sijE
2
Tra(y) = −
1
2
n3sij
e2N2Tra
ε2
(
y − d
2
+
εV
eNTrad
)2
, (4.5)
which is independent on the voltage frequency. Besides, NTra is dependent on the voltage
for low frequencies in a nonlinear manner and with hysteresis, making it difficult to exactly
describe trapped charge. In general, mobile space charge applies for the low frequencies only
and is coupled with trapped space charge (which is nearly always present from a practical
point of view). If a laser beam travels through the KTN chip, the deflection angle θTra
external to the KTN crystal after the beam propagates through a length L is given by:
θTra(y) = L
d
dy
∆nTra(y) = −n3sijLe
2N2Tra
ε2
(
y − d
2
+
εV
eNTrad
)
. (4.6)
The resulting lens power φ can be calculated by:
φ =
1
f0
= | d
dy
θTra(y)| = n3sij e
2N2Tra
ε2
L. (4.7)
where f0 is the focal length of the convex lens that KTN crystal functions similar to, in
millimeter order. φ is 0 for mobile space charge, since the deflection angle θ is constant
along y direction.
For both x (horizontal) and y (vertical) directions, a fitting of the beam radius was conducted
shown in Figure 4.4. Since the KTN chip has an intrinsic character similar to a convex lens,
assume that it works like a thin lens whose focal length is f . The ABCD matrix of KTN
can be presented by:  1 0− 1
f
1
 (4.8)
The q-parameter of the beam at the beam waist q0 is:
q0 =
ipiw20
λ
. (4.9)
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Then, after KTN, the q-parameter of the beam q′ is:
q′ =
Aq0 +B
Cq0 +D
=
ipiw20
λ
− 1
f
(
piw20
λ
)2
1 +
1
f2
(
piw20
λ
)2
≈
ipiw20
λ
1 +
1
f2
(
piw20
λ
)2
. (4.10)
The approximation in eq. 4.10 is valid when the beam propagates a tiny distance compared
to the detection positions. Thus, the beam radius w′ becomes:
w′ =
w0√
1 +
1
f2
(
piw20
λ
)2
. (4.11)
The corresponding focal length is:
f =
piw20
λ
1√
(w0/w′)2 − 1
. (4.12)
Right after KTN, assume that the laser beam is still at waist. By choosing the proper
value of w′ ( w′x = 0.117mm, w′y = 0.0338mm), we have the fitting slope. In this case, the
simulated focal length are fx = 179.0mm in x direction and fy = 4.7mm in y direction.
According to the fitting slope, the diverging angles in both x and y directions have been
changed by KTN: in x direction, the diverging angle of full range is 0.14 ◦ while in y direction
0.6 ◦. The beam profile after KTN becomes elliptical due to the index reflection gradient
along applied electric field leads to the KTN device acting as a convex cylindrical lens. Even
a concave cylindrical lens included in the scanner was applied at the outgoing beam side,
the beam aberration was still not compensated. The compensation of such aberration will
be briefly discussed in Chapter VI by applying two cylindrical lenses.
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(a) wx
(b) wy
Figure 4.4: Beam Radius in Horizontal and Vertical Direction.
35
4.3 Frequency Responses
To research the frequency response, 4.85kΩ /44.2 ◦C was set as the operation tempera-
ture of KTN crystal, detector position is 243.0 mm after KTN. Table 4.3 shows the steering
range dependence on the applied voltage frequency.
Table 4.3: Steering Range Dependence on Frequency
Frequency (Hz) Scanning Length (mm) Steering Angle of Full Range (◦,mrad)
1 48.0 11.28, 196.90
10 48.0 11.28, 196.90
100 45.0 10.58, 184.66
1k 43.5 10.23, 178.54
10k 40.0 9.41, 164.24
69k 24.0 (half of the maximum) 5.65, 98.69
100k 22.2 5.23, 91.29
250k Unstable Unstable
500k 5.0 1.18, 20.58
The largest deflection angle is 196.90 mrad (11.28◦). Lower frequencies are applied, and
the larger steering range is obtained. At 69kHz, the steering range decreases to half of
the maximum. It can be explained that the migration length of mobile space charges in
the high frequency region (more than 50kHz) is significantly smaller than the KTN crystal
thickness (3.2mm). Therefore, mobile space-charge-controlled effect is becoming increas-
ingly insignificant with higher voltage frequencies while the trapped space charge effect
becomes dominant. At 250kHz, the waveform shown in the oscilloscope was not stable,
and peaks kept moving forwards and backwards while rising and falling; the steering range
moves up and down while decreasing and increasing. Meanwhile, temperature controller
could not stabilize the temperature with R changing from 3.70kΩ− 5.00kΩ. This might be
due to the glue used to fix the scanner for the little detachment, or 250kHz is approaching
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the resonance frequency of the KTN scanner. When the frequency reaches 500kHz, the
steering range is becoming even smaller, because it approaches the response time of the
KTN crystal, which is approximately 1µs.
Figure 4.5 shows the oscilloscope waveform of the scanning phenomenon under different
frequencies. The purple sinusoidal wave represents the input AC voltage, the yellow signal
represents the PN detector signal and the peaks of the yellow signal represent the laser
beam spot passing over the detector. We can clearly see that for each figure, the frequency
of the yellow signal is twice that of the purple signal, and every two peaks of the yellow
signal has been a full cycle, which indicates that the input sinusoidal wave and the scanning
phenomenon have the same frequency. Although we can not distinguish whether the beam
is steered under high frequency, the waveform from the oscilloscope can clearly show the
high speed scanning of the laser beam. It can be observed that the laser beam can also be
steered stably under as high frequency as 500kHz for those peaks are still distinguishable.
A beam broadening is observed at both ends of the scanning, a possible reason for this is a
nonlinearity of the refracted index profile.
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(a) 1Hz (b) 10Hz
(c) 1kHz (d) 10kHz
(e) 69kHz (f) 100kHz
(g) 250kHz (h) 500kHz
Figure 4.5: Frequency Responses. Purple sinusoidal wave represents the input AC voltage;
yellow signal represents the PN detector signal, and the peaks of these yellow signal represent
the laser beam spot passing over the detector.
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CHAPTER V
STUDY OF TEMPERATURE DEPENDENCE AND CONTROL
Temperature is one of the essential factors for realizing the cumulatively beam deflector
with KTN in two aspects. One is to maintain the cubic phase of the KTN crystal. TC has to
be higher than 35◦C for the the niobium fraction of the KTN crystal is x ∼ 0.4. Therefore,
the lowest order EO effect is the Kerr effect. The other is to have a large dielectric constant.
In the cubic phase, dielectric constant εr obeys Curie−Weiss law by eq. 2.5, εr increases
greatly as T approaches TC . With a large εr, we will have a large Kerr effect, which leads
to a large deflection angle, as demonstrated in Chapter II.
Figure 5.1: KTN Scanner.
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In this thesis, a thermistor is utilized to stabilize the temperature. A thermistor is a
type of resistor whose resistance varies significantly with temperature. This feature can be
characterised with the B parameter in the follwing equation:
R = R0e
B( 1
T
− 1
T0
)
, (5.1)
where R0 is the resistance at temperature T0 (25
◦C = 298.15K).
This thermistor is used in the KTN scanner setup shown in Figure 5.1, where those four
wires on the right are connected to the themistor controller and the two wires on the left are
connected to the high voltage source. The thermistor B constant is 3480K±60K, thermistor
resistance is R0 = 10.74kΩ at 25
◦C ( 298.15K). Therefore, at 25◦C, R = 5.3kΩ ∓ 0.80kΩ
based on eq. 5.2:
δR = R0(
1
T
− 1
T0
)e
B( 1
T
− 1
T0
)
δB. (5.2)
In our setup, ILX Lightwave LDT-5412 thermistor controller is used, as shown in Figure
5.2. It offers a high stability temperature control within 0.01 ◦C, a low noise bipolar out-
put. This instrument controls and displays thermistor resistance corresponding to a certain
temperature while delivering bipolar current to a thermoelectric module.
The intuitive front panel features a highly visible LED display, which has three display
modes for easy operation: (1) Set Resistance, which displays the set point resistance (tem-
perature) level, (2) Actual Resistance, which displays the actual resistance of the thermistor
sensor, and (3) TE Current, which displays the drive current to the TE module. The rear
panel, shown in Figure 5.3(a), contains the 15-pin D-sub connector (J301), analog output of
ACTUAL R, external set resistor connectors (located on J301) and SET RESISTOR switch,
GAIN control, power cord receptacle, and serial number sticker. The TE drive current is
available at J301. Pins 1 and 2 are jumpered for the positive output, and pins 3 and 4 are
jumpered for the negative output to the TE module. The thermistor connects to pins 7
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Figure 5.2: Front Panel of the Thermoelectric Temperature Controller.
and 8. The wire connections of the peltier element is shown in Figure 5.4. The wires to
the controller are connected to these electrodes. The thermistor is not polarity sensitive so
connect the two wires to the controller’s position just as they are. (a) is connected to Pin 1,
(b) is connected to Pin 3, (c) is connected to Pin 7, and (d) is connected to Pin 8. Through
several prior trials, 4.85kΩ was found to be a good testing point for a steady beam profile
obtained.
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(a) LDT-5421 Rear Panel
(b) D-connector (J301) Pinout
Note: A solid line indicates that the pins are internally jumpered.
Figure 5.3: Rear Panel of Temperature Controller and the Connector. (http://www.light-
wavestore.com/product datasheet/EIP-TECI-002C pdf4.pdf)
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Figure 5.4: Rear Panel of the Thermoelectric Temperature Controller and the Cable Con-
nection.
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CHAPTER VI
CONCLUSIONS AND FUTURE WORKS
The experimental results and theoretical study of a one-dimension KTN scanner based
on the EO effect are demonstrated. The formation of Ohmic contact and the large dielectric
constant of the KTN crystal are two essential factors. Based on the space-charge effect, the
electric field is dependent on the square-root of the distance from the cathode. Besides, a
linear gradient is induced in the refracted index by the Kerr effect which is a second order
of EO effect such that the beam is cumulatively deflected as it propagates in the crystal.
Since KTN has a large dielectric constant, the space-charge effect can be prominent at a
relatively low voltage. Temperature controller is also necessary to maintain a large dielectric
constant. A large deflection angle of 11.28 ◦ in full range is observed by applying a rela-
tively low voltage ±250V to a 1.0 mm thick KTN crystal with a short interaction length
of 3.2 mm. At 69 kHz, the steering range decreases to half of the maximum. The highest
scanning frequency of 500 kHz is observed. The main disadvantage of this device is that the
steering range is still limited under high frequency due to the large electrostatic capacity
of the KTN chip. Depending on the performance of this KTN scanner, its practical use in
various applications is expected, such as imaging, printing, sensing, and telecommunication.
Future works are necessary to optimize the beam profile. The beam profile can be circu-
larized by introducing two cylindrical lenses to compensate the convex effect of the KTN
chip. These two cylindrical lenses are set right after the formal cylindrical lens, which are
needed to circularize the elliptical beam. By simply matching the laser beam divergence
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ratio (vertical vs. horizontal) to the ratio of the focal leng ths of the two lenses, a nearly
symmetrical circular beam can be created. From Chapter IV, the vertical and horizontal
diverging angle of full range is 0.6 ◦ and 0.14 ◦ respectively, hence the divergence ratio is
4.29. Such that, the focal length of horizontal cylindrical lens fh and the focal length of
vertical cylindrical lens fv shall have the ratio that
fh
fv
= 4.29. Once the vertical size has
been decreased, the beam steering can be more accurate and the response time can be even
faster. A response time as fast as 1µs has been observed for the KTN chips used in the
experiments. The response time is believed to be related to the transient behavior of the
space-charge-controlled electrical conduction.[16] Another potential improvement is that, if
we use a better quality laser beam whose diameter is smaller than 0.5 mm, the telescope
system can be omitted and certainly this 1D scanner can be made more compact.
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